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FDUULHGRXWLQYHVWLJDWLRQVUHJDUGLQJVKHDUFXWWLQJRI0Q%ZLWKDVKHHWWKLFNQHVVRIPPDQGLGHQWLILHGD
FKDPIHU DQJOH DV VXLWDEOH IRU D VXIILFLHQW FXW TXDOLW\ ZLWK VLPXOWDQHRXVO\ PLQLPXP VWUHVVHV )XUWKHUPRUH
LQYHVWLJDWLRQVZHUHFDUULHGRXWUHJDUGLQJMRLQLQJ(VSHFLDOO\SODVWLFMRLQLQJLVFKDOOHQJLQJGXHWRWKHKLJKKDUGQHVV
RI SUHVVKDUGHQHG VWHHOV +DKQ HW DO  SUHVHQWHG VHOISLHUFH ULYHWLQJ DV D SRVVLELOLW\ RI MRLQLQJ WKLV VWHHO WR
DOXPLQXP
7KHZHOGDELOLW\RI0Q%WRLWVHOIDQGZLWK'3ZDVLQYHVWLJDWHGE\-LDHWDO7HQVLOHWHVWVRIEXWW
MRLQWVVKRZHGIDLOXUHLQWKH+$=LQWKLVLQYHVWLJDWLRQ:HOGLQJSUHVVKDUGHQHG0Q%UHVXOWVLQDVRIWHQLQJGXHWR
WKHPDUWHQVLWLFJUDLQ VWUXFWXUH7KHKDUGQHVVGURSV WRDERXW+9DFFRUGLQJ WR LQYHVWLJDWLRQVRI6LOWDQHQHWDO
:KHQZHOGLQJWKHTXHQFKHGVWHHO60&ZLWKDILEHUODVHUZDVFDUULHGRXWE\6DOPLQHQHWDOXVLQJ
DPDQGPILEHUFRUHGLDPHWHUUHVSHFWLYHO\KDUGQHVVPLQLPDZHUHVLJQLILFDQWO\LQIOXHQFHGE\WKHODVHU
VSRWVL]HRQWKHVKHHWVXUIDFH7KHEDVHPDWHULDOKDUGQHVVRIDERXW+9ZDVUHGXFHGWRDERXW+9GXH
WRWKHKHDWLQSXWXVLQJDPPODVHUEHDPVSRW'RXEOLQJWKHVSRWVL]HUHVXOWVLQDKDUGQHVVUHGXFWLRQWRDERXW
+9
:HOGLQJ FRDWHG VWHHOV FDQ EH DIIHFWHG E\ WKH FRDWLQJ 7KHUHIRUH *HLJHU HW DO  VWDUWHG WR GHYHORS D
VLPXODWLRQWRSUHGLFWSRURVLW\DQGJHWDGHHSHUXQGHUVWDQGLQJRIDODVHUZHOGLQJSURFHVVZLWK]LQFFRDWHGVWHHO.LP
HWDOGHWHFWHGDJJORPHUDWLRQVRIFRDWLQJSDUWLFOHVDWWKHZHOGVHDPERUGHUOLQHZKHQFDUU\LQJRXWODSODVHU
EHDPZHOGLQJRIDOXPLQXPVLOLFRQFRDWHG0Q%VKHHWV7KHZHOGVHDPERUGHUOLQHZDVGHWHUPLQHGDVIUDFWXUH
ORFDWLRQ LQ WHQVLOH VKHDU WHVWV UDWKHU WKDQ WKH KHDW DIIHFWHG ]RQH +$= 7KLV ZDV DWWULEXWHG WR LQWHUPHWDOOLF
FRPSRXQGVZKLFKZHUHIRUPHGRXWRILURQDQGDOXPLQXP
$FFRUGLQJWR)DKOVWU|PERURQDOOR\HGVWHHOVKHHWVDUHVXLWDEOHIRUODVHUEHDPZHOGLQJEXWGLVWRUWLRQKDVWR
EHWDNHQLQWRDFFRXQW:HOGLQJ8VKDSHGVWUXFWXUHVZLWKDOHQJWKRIPPUHVXOWHGLQGLVWRUWLRQVXSWRPP
%HFDXVH RI WKH KLJK VWLIIQHVV RI WKHVH SUHVVKDUGHQHG VWHHOV SUHFLVH SRVLWLRQLQJ DQG ZHOGLQJ SUHSDUDWLRQ LV D
FKDOOHQJH0LVDOLJQPHQWV DQG GLVWRUWLRQ FDQ UHVXOW LQ JDSV GXULQJZHOGLQJ )RU WKDW UHDVRQ.JOHU HW DO 
LQYHVWLJDWHG D K\EULG RVFLOODWLQJ VLQJOHPRGH ODVHU*0$ZHOGLQJ SURFHVV DQG LWV JDS EULGJLQJ DELOLW\:LWK WKLV
DSSURDFKLQFUHDVLQJJDSVXSWRPPFDQEHEULGJHGXVLQJDZHOGLQJVSHHGRIPPLQZLWKRXWDQ\DGDSWDWLRQRI
SDUDPHWHUVGXULQJZHOGLQJ
,QLQYHVWLJDWLRQVRQVSRWZHOGLQJ6FKPLGRYiDQG+DQXVLGHQWLILHGDOXPLQXPVLOLFRQFRDWLQJFRPSRQHQWV
DQGWKHUHVXOWLQJLQWHUPHWDOOLFSKDVHVDIWHUWHQVLOHWHVWLQJRQWKHIUDFWXUHVXUIDFHV:LQGPDQQHWDOTXRWHWKDW
UHPRYLQJ WKHFRDWLQJ LVEHQHILFLDO IRUZHWWLQJ WKHVWHHOVXUIDFHZKHQ MRLQLQJ0Q%WRDOXPLQXP)XUWKHUPRUH
FRDWLQJ DEODWLRQ E\ ODVHU SURFHVVLQJ UHVXOWV LQ HQKDQFHGPHFKDQLFDO SURSHUWLHV RIZHOGHG FUDVK VWUXFWXUHV RXW RI
0Q%DV(KOLQJHWDOVWDWH
([SHULPHQWDO
2.1. Material 
)RU WKH LQYHVWLJDWLRQV SUHVVKDUGHQHG VWHHO VKHHWV RXW RI 0Q%ZHUH XVHGZLWK D WKLFNQHVV RI PP 7KH
FRDWLQJZKLFKSUHYHQWVWKHVWHHOIURPR[LGDWLRQGXULQJSUHVVKDUGHQLQJLVDQDOXPLQXPVLOLFRQFRDWLQJDSSOLHGZLWK
JPð7KLVFRDWLQJ LQWHUDFWVZLWK WKHEDVHPDWHULDO$VDFRQVHTXHQFHGLIIHUHQW OD\HUVZLWKGLIIHUHQWDOXPLQXP
FRQWHQWVDUHIRUPHG7KLVZDVLQWHQVHO\LQYHVWLJDWHGE\:LQGPDQQHWDO,Q)LJWKHVHFRDWLQJOD\HUVDUH
H[HPSODULO\VKRZQ
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
)LJ6(0YLHZXVLQJEDFNVFDWWHUHGHOHFWURQVRIWKHEDVHPDWHULDOFRDWLQJZLWKWKHFRUUHVSRQGLQJDOXPLQXPFRQWHQWVRIWKHFRDWLQJOD\HUVDQG
WKHEDVHPDWHULDO
2.2. Methods 
,QRUGHUWRLGHQWLI\WKHVWUXFWXUDOZHDNHQLQJRI0Q%GXHWRWKHKHDWLQSXWGXULQJZHOGLQJEHDGRQSODWHDQG
ODSZHOGLQJVZLWKDVKHHWRYHUODSRIPPZHUHFDUULHGRXWZLWKDODVHUEHDP$7UXPSI7UX'LVNSURYLGHV
XSWRN:ODVHUEHDPSRZHUIRUWKLVLQYHVWLJDWLRQ
$IWHUZHOGLQJWZRPLFURVHFWLRQVZHUHWDNHQDWWKHHQGVRIHDFKZHOGZLWKDQRIIVHWRIPPWRWKHZHOGVHDP
HQGV$VLGH IURPGHWHUPLQLQJ WKHUHVSHFWLYH VHDPZLGWKKDUGQHVVPHDVXUHPHQWVZHUHFDUULHGRXWRQHDFKPLFUR
VHFWLRQ7KH9LFNHUVKDUGQHVVWHVWZDVXVHGLQWKHVSHFLILFDWLRQ+9DQGZDVFDUULHGRXWLQWKUHHGLVWDQFHVWRWKH
VKHHWWRSVXUIDFH7KHUHIRUHKDUGQHVVYDOXHVJLYHQEHORZDUHYDOXHVRIVL[PHDVXUHPHQWVIRUHDFKSDUDPHWHUVHW
7HQVLOHWHVWVZHUHSHUIRUPHGZLWKD=ZLFN5RHOO=DOOURXQGWHVWLQJPDFKLQH$WHVWLQJYHORFLW\RIPPPLQ
ZDVFKRVHQ7KUHHWHQVLOHWHVWVZHUHFDUULHGRXWIRUHDFKSDUDPHWHUVHW*LYHQYDOXHVIRUWHQVLOHVWUHQJWKDUHUHODWHG
WRWKHVKHHWWKLFNQHVVRIPPZKHUHDVJLYHQYDOXHVIRUVWUHQJWKUHODWHGWRWKHVHDPZLGWKH[SUHVVHVWKHTXRWLHQW
RI WKH IRUFHPHDVXUHG LQ WHQVLOH WHVWLQJ WR WKH VHDP FRQQHFWLRQ DUHD GHVFULEHG E\ WKHZHOG VHDPZLGWK DQG WKH
VSHFLPHQZLGWK7KHPHWKRGRIFDOFXODWLRQLVGHVFULEHGLQHTXDWLRQVDQG

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)PD[ 0D[LPXPIRUFH
V 6KHHWWKLFNQHVV
Z 6HDPZLGWK
E 6SHFLPHQZLGWK

6HDPZLGWKVRI ODSZHOGVZHUHPHDVXUHG LQFURVVVHFWLRQVDW WKHERWWRPRI WKHXSSHUVKHHWDQG WKH WRSRI WKH
ORZHU VKHHW*LYHQYDOXHV IRU WKH VHDPZLGWK DUHPHDQYDOXHVRI WZRPLFUR VHFWLRQV IRU HDFKSDUDPHWHU VHW DQG
WKHUHIRUHIRXUPHDVXUHPHQWVIRUHDFKVHDP7KHWRWDOZLGWKRIPXOWLSOHSDUDOOHOZHOGVHDPVLVWKHVXPRIHDFKZHOG
VHDPZLGWKPHDVXUHGDVPHQWLRQHGDIRUH
$QDO\VLVRIWKHPLFURVHFWLRQVZHUHDOVRFDUULHGRXWZLWKD=HLVV(920$6(0ZLWKD%UXNHU(';V\VWHPV
7KLV HQDEOHV KLJKPDJQLILFDWLRQ LPDJLQJ DQG DQDO\]LQJ FKHPLFDO FRPSRVLWLRQV:LWK WKLVPHWKRG HVSHFLDOO\ WKH
FRDWLQJOD\HUDQGWKHPHOWSRROERUGHUOLQHZHUHLQYHVWLJDWHG
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2.3. Program 
7KH LQYHVWLJDWLRQV SUHVHQWHG LQ WKLV SDSHU FDQ EH VHSDUDWHG LQ WZR WRSLFV 2Q WKH RQH KDQG EHDGRQSODWH
ZHOGLQJVZHUHFDUULHGRXWLQRUGHUWRLGHQWLI\WKHPLFURVWUXFWXUDOVRIWHQLQJGXHWRWKHODVHUHQHUJ\LQSXW3DUDPHWHUV
IRU WKLVSDUWRI WKH LQYHVWLJDWLRQVDUH OLVWHG LQ7DEOH7KHVHSDUDPHWHUVHWVZHUHFKRVHQ LQRUGHU WRFRPSDUH WKH
HIIHFWRIWKHHQHUJ\LQSXWSHUXQLWOHQJWKZKHQWKHEHDPLQWHQVLW\ZDVKHOGFRQVWDQWFRPSDUHSDUDPHWHUVHWVDV
ZHOODVDQGWKHHIIHFWRIDODVHUEHDPLQWHQVLW\YDULDWLRQZKHQWKHHQHUJ\LQSXWVWD\HGFRQVWDQWFRPSDUH
SDUDPHWHUVHWV
7DEOH3DUDPHWHUVIRUWKHEHDGRQSODWHZHOGLQJH[SHULPHQWV
3DUDPHWHU
6HW
:HOGLQJ
YHORFLW\
/DVHUEHDP
SRZHU
)RFDO
SRVLWLRQ
/DVHUVSRWVL]H
RQWKHVKHHWVXUIDFH
(QHUJ\SHU
XQLWOHQJWK
 PPLQ N: PP P -PP
 PPLQ N: PP P -PP
 PPLQ N: PP P -PP
 PPLQ N: PP P -PP
 PPLQ N: PP P -PP
 PPLQ N: PP P -PP
 PPLQ N: PP P -PP
 PPLQ N: PP P -PP

2Q WKHRWKHUKDQG ODSZHOGVZLWK WZRGLIIHUHQW VSRW VL]HVZHUH FDUULHGRXWZLWKSDUDPHWHUV OLVWHG LQ7DEOH
%HVLGHVZHOGLQJ D VLQJOH VHDP LQ RYHUODS FRQILJXUDWLRQZHOGLQJ SDUDOOHOZHOG VHDPV RQH DIWHU DQRWKHUZLWK WKH
VDPHSDUDPHWHUVZHUHLQYHVWLJDWHGFRPSDUHSDUDPHWHUVHWV$GGLWLRQDOO\ZHOGLQJZLWKDELJJHUODVHUVSRW
ZDVFDUULHGRXWLQRUGHUWRLGHQWLI\WKHLQIOXHQFHRIWKHZHOGVHDPZLGWKFRPSDUHSDUDPHWHUVHWV
7DEOH3DUDPHWHUVIRUWKHODSZHOGLQJH[SHULPHQWV
3DUDPHWHU
6HW
:HOGLQJ
YHORFLW\
/DVHUEHDP
SRZHU
)RFDO
SRVLWLRQ
/DVHUVSRWVL]H
RQWKHVKHHWVXUIDFH
1XPEHURISDUDOOHO
ZHOGVHDPV
 PPLQ N: PP P 
 PPLQ N: PP P 
 PPLQ N: PP P 
 PPLQ N: PP P 
5HVXOWV
3.1. Bead-on-plate welding 
([SHULPHQWVZHUHFDUULHGRXWDFFRUGLQJWRWKHSURJUDPIRUEHDGRQSODWHZHOGLQJVDIRUHPHQWLRQHG([HPSODULO\
DKDUGQHVVGLVWULEXWLRQRISDUDPHWHUVHWLVVKRZQLQ)LJ,QWKH+$=WKHKDUGQHVVLVGHFUHDVHGWRDPLQLPXPRI
+97KLVGLVWULEXWLRQ LV FKDUDFWHULVWLF IRUZHOGHGSUHVVKDUGHQHG0Q%ZLWKPDUWHQVLWLFJUDLQ VWUXFWXUH
$QDO\]LQJWKHKDUGQHVVGLVWULEXWLRQVKRZVWKDWWKHZLGWKRIWKH+$=KDVQRVLJQLILFDQWLQIOXHQFHRQWKHPLQLPXP
KDUGQHVVLQWKH+$=VHH)LJ9DOXHVIRUWKHPLQLPXPKDUGQHVVZHUHGHWHUPLQHGLQDUDQJHEHWZHHQ+9
DQG+9

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)LJ+DUGQHVVGLVWULEXWLRQRIDVSHFLPHQZHOGHGZLWKSDUDPHWHUVHW )LJ+DUGQHVVPLQLPDGHSHQGLQJRQWKHZLGWKRIWKH+$=
$OWKRXJK WKHUH LV QR VLJQLILFDQW FRUUHODWLRQ EHWZHHQ WKH ZLGWK RI WKH +$= DQG PLQLPXP KDUGQHVV YDOXHV
PLFURVWUXFWXUDOVRIWHQLQJDIIHFWVWHQVLOHVWUHQJWKRIZHOGHGVWHHOVKHHWV,QIOXHQFHVRIWKHVHYDOXHVRQWHQVLOHVWUHQJWK
DUHVKRZQLQ)LJ:KHUHDVWKHYDOXHVRIKDUGQHVVPLQLPDKDYHQRVLJQLILFDQWLQIOXHQFHDZLGHQLQJRIWKH+$=
WHQGVWRGHFUHDVHWHQVLOHVWUHQJWK


)LJ(IIHFWVRIPLFURVWUXFWXUHVRIWHQLQJLQWHUPVRIKDUGQHVV
GHFUHDVHDQGHQODUJHPHQWRIWKH+$=RQWHQVLOHVWUHQJWK

)LJ7HQVLOHVWUHQJWKRIEHDGRQSODWHZHOGHG0Q%VKHHWVZLWK
YDU\LQJHQHUJ\LQSXWSHUXQLWOHQJWKIRUGLIIHUHQWODVHUVSRWVL]HV

)XUWKHUPRUH LQFUHDVLQJ WKHHQHUJ\ LQSXWSHU VHDP OHQJWK UHGXFHV WHQVLOH VWUHQJWK DV VKRZQ LQ)LJ8VLQJ D
VPDOO VSRW VL]H RI P WHQVLOH VWUHQJWK XS WR 1PPð FDQ EH UHDFKHG LQ EHDG RQ SODWH ZHOGV
&RPSDULQJGLIIHUHQW VSRW VL]HVDQG WKHUHIRUHYDU\LQJ ODVHUEHDP LQWHQVLWLHVDW WKH VDPHHQHUJ\SHUXQLW OHQJWKRI
-PPLQ)LJGRHVQRWVKRZDFOHDUWHQGHQF\WRZDUGVDFRUUHODWLRQWRWHQVLOHVWUHQJWK
&DUU\LQJRXWWHQVLOHWHVWVZLWKWKHVHEHDGRQSODWHZHOGVUHVXOWLQIDLOXUHVZKLFKDUHORFDWHGLQWKH+$=IRUDOO
VSHFLPHQV

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
)LJ7HQVLOHVWUHQJWKRIEHDGRQSODWHZHOGHG0Q%VKHHWVZLWK
YDU\LQJODVHUEHDPLQWHQVLW\DQGDFRQVWDQWHQHUJ\LQSXWSHUXQLW
OHQJWKRI-PP

)LJ/DVHUZHOGHGODSMRLQWOHIWZLWKFRDWLQJSDUWLFOHV
DJJORPHUDWHGDWWKHPHOWERUGHUOLQHULJKW

3.2. Lap welding 
:KHQFDUU\LQJRXW ODSZHOGLQJVZLWKWKHSDUDPHWHUVJLYHQDERYHFRDWLQJDJJORPHUDWLRQVZKLFKDUHORFDWHGDW
WKHPHOWSRROERUGHUOLQHFDQEHLGHQWLILHGLQPLFURVHFWLRQV7KLVLVH[HPSODULO\VKRZQLQ)LJ,QRUGHUWRSURRI
WKLVOD\HUWREHDJJORPHUDWLRQVRIWKH$O6LFRDWLQJ(';DQDO\VLVZHUHFDUULHGRXWRQWKHVSHFLPHQVKRZQLQ)LJ
,Q)LJD6(0EDFNVFDWWHUHGHOHFWURQSLFWXUHLVVKRZQZLWKLWV(';DQDO\VLV7KHDJJORPHUDWLRQVDWWKHPHOWSRRO
ERUGHUOLQHKDYHDQDOXPLQXPFRQWHQWRIZKHUHDVQRDOXPLQXPFRXOGEHGHWHUPLQHGLQWKHEDVHPDWHULDO,Q
WKHZHOGVHDPPLGGOHDQDOXPLQXPFRQWHQWRIZDVGHWHFWHG


)LJ0LFURVHFWLRQRIDIUDFWXUHGVSHFLPHQDIWHUWHQVLOHWHVWLQJ
7KHEOXHIUDPHPDUNVWKHFORVHXSYLHZVKRZQLQ)LJRQWKHOHIW
VLGH

)LJ&ORVHXSYLHZRIWKHDJJORPHUDWLRQVDWWKHPHOWSRROERUGHU
OLQHZLWKDOXPLQXPFRQWHQWVGHWHUPLQHGZLWK(';DQDO\VLV

$IWHUZHOGLQJWHQVLOHWHVWVZHUHFDUULHGRXW)LJVKRZVWKDWIRULQFUHDVLQJWRWDOVHDPZLGWKVWHQVLOHVWUHQJWKLV
LQFUHDVHG7KXVPXOWLSOHZHOGLQJRISDUDOOHO VHDPV LQFUHDVHV WHQVLOH VWUHQJWKRI WKH ODSZHOGHG VKHHWV ,Q WHQVLOH
WHVWVRIWKHVHODSZHOGHGVSHFLPHQVIDLOXUHRFFXUVGLUHFWO\DWWKHPHOWSRROERUGHUOLQHRUVKHDULQJRIIEHWZHHQWKH
VWHHO VKHHWV7KHVH WZR IDLOXUH ORFDWLRQVDUH VKRZQ LQ)LJ$GGLWLRQDOO\ DPLFURVHFWLRQRI D WHVWHG VSHFLPHQ
ZLWKIDLOXUHDWWKHPHOWSRROERUGHUOLQHLVH[HPSODULO\VKRZQLQ)LJ6LQJOHVHDPZHOGHGVSHFLPHQVVKHDUHGRII
LQRIDOOFDVHV,QRIDOOWHVWHGVLQJOHVHDPZHOGHGVSHFLPHQVIDLOXUHRFFXUUHGDWWKHPHOWLQJERUGHUOLQH
)DLOXUH RI GRXEOH VHDPZHOGHG VSHFLPHQV LQ WHQVLOH WHVWLQJ RFFXUUHG LQ WKH RXWHU ZHOG VHDP RI WKH ORZHU VKHHW
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GLUHFWO\DWWKHPHOWLQJERUGHUOLQH,QFDVHRIWULSOHVHDPZHOGHGVSHFLPHQVIDLOXUHLQWHQVLOHWHVWLQJRFFXUUHGDOVRDW
WKHPHOWLQJERUGHUOLQHLQRQHWKLUGRIDOOFDVHV7ZRWKLUGVRIWKHVHVSHFLPHQKDGWKHLUIDLOXUHGXHWRDVKHDULQJRII
EHWZHHQWKHVKHHWV

)LJ7HQVLOHVWUHQJWKRIZHOGVHDPVZLWKYDU\LQJWRWDOVHDPZLWK
3DUDPHWHUVHWVDUHJLYHQLQEUDFNHWV


)LJ7RSDQGERWWRPYLHZRIWHQVLOHWHVWLQJVSHFLPHQVZLWKIDLOXUH
ORFDWHGLQDWKHLQWHUIDFHVKHDULQJRIIRUEGLUHFWO\DWWKHPHOWSRRO
ERUGHUOLQH
,Q 7DEOH YDOXHV DUH OLVWHG IRU ODSZHOGV LQ RUGHU WR FRUUHODWH VWUHQJWKZLWK WKH VHDPZLGWK &DOFXODWLQJ WKH
VWUHQJWK UHODWHG WR WKH VHDPZLGWK LQVWHDGRI FRQVLGHULQJ WKH VKHHW WKLFNQHVV UHODWHG WHQVLOH VWUHQJWK VKRZV WKDW D
ZLGHUZHOGVHDPLVRYHUHVWLPDWHGE\H[WUDSRODWHVWUHQJWKYDOXHVRIDVPDOOHUVHDPFRPSDUHSDUDPHWHUVHWV
0XOWLSOHSDUDOOHOZHOGVHDPVLQFUHDVHWHQVLOHVWUHQJWK:KLOHWKHGRXEOHVHDPSDUDPHWHUVHWUHDFKHVRIWKH
VWUHQJWKH[SHFWHGE\H[WUDSRODWLRQRIDVLQJOHVHDPEDVHGRQWKHZHOGVHDPZLGWKWKUHHZHOGVHDPVWXUQRXWWRKDYH
HYHQKLJKHUVWUHQJWKLQUHODWLRQWRWKHWRWDOVHDPZLGWKWKDQDVVXPHGE\DQH[WUDSRODWLRQRIVLQJOHVHDP
VWUHQJWK
7DEOH&RPSDULVRQRIVWUHQJWKYDOXHV
3DUDPHWHU
VHW
6HDPZLGWK
WRWDO
7HQVLOH
VWUHQJWK
6WUHQJWKUHODWHGWR
WKHVHDPZLGWK
6WUHQJWKUHODWHGWRWKHVHDPZLGWK
FRPSDUHGWRSDUDPHWHUVHW
 PP 1PPð 1PPð  
 PP 1PPð 1PPð  
 PP 1PPð 1PPð  
 PP 1PPð 1PPð  

([HPSODULO\ D KDUGQHVV GLVWULEXWLRQ RI D ZHOGHG VSHFLPHQ ZLWK WKUHH SDUDOOHO VHDPV LV VKRZQ LQ )LJ
'HFUHDVLQJRIWKHKDUGQHVVIRUHDFKVHDPLVVLPLODUWRDVLQJOHZHOGVHDPLQEHDGRQSODWHZHOGLQJV$GGLWLRQDOO\
WKHUHLVQRVLJQLILFDQWGLIIHUHQFHEHWZHHQWKHKDUGQHVVGLVWULEXWLRQLQWKHXSSHUDQGWKHORZHUVKHHW

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
)LJ+DUGQHVVGLVWULEXWLRQIRUDWKUHHZHOGVHDPODSFRQILJXUDWLRQSDUDPHWHUVHW
'LVFXVVLRQ
:HOGLQJPDUWHQVLWLFVWHHOOLNHSUHVVKDUGHQHG0Q%UHGXFHVKDUGQHVVYDOXHVLQWKH+$=DQGWHQVLOHVWUHQJWK
GXH WR WKHPLFURVWUXFWXUDO VRIWHQLQJ FI)LJ$FFRUGLQJ WR.LPHWDO  WKHVRIWHQLQJ LQ WKH+$=FDQEH
DWWULEXWHG WR SKDVH WUDQVIRUPDWLRQV RI PDUWHQVLWH LQWR D PL[HG EDLQLWLFPDUWHQVLWLF PLFURVWUXFWXUH DV ZHOO DV
WHPSHULQJHIIHFWV LQ WKHRXWOHWRI WKH+$=WHPSHUHGPDUWHQVLWH,Q WKLV LQYHVWLJDWLRQLWZDVIRXQGWKDWKDUGQHVV
PLQLPDDUHLQDUDQJHRI+9WR+9FI)LJ'LIIHUHQWDVSHFWVDUHLQIOXHQFLQJWKLVVRIWHQLQJDQG
VKRXOGEHGHWHUPLQHG7KHSUHVHQWHGLQYHVWLJDWLRQVGHDOZLWKEHDGRQSODWHDQGODSZHOGLQJLQRUGHUWRLQYHVWLJDWH
WKHLQIOXHQFHRIWKHHQHUJ\LQSXWDQGWKHUHVXOWLQJ+$=RQWHQVLOHVWUHQJWK
&DUU\LQJ RXW EHDGRQSODWH ZHOGLQJV VKRZHG WKDW WKH ZLGWK RI WKH +$= LQIOXHQFHG WHQVLOH VWUHQJWK RI WKH
VSHFLPHQVFI)LJ,QWKLVLQYHVWLJDWLRQZLGWKRIWKH+$=ZDVLQIOXHQFHGE\WKHODVHUEHDPVSRWVL]HDVZHOODV
WKHZHOGLQJ YHORFLW\2Q WKH RQH KDQG LQFUHDVLQJ HQHUJ\ SHU XQLW OHQJWK GHVFULELQJ WKH TXRWLHQW RI ODVHU EHDP
SRZHU SHU ZHOGLQJ YHORFLW\ GHFUHDVHG WHQVLOH VWUHQJWK FI )LJ 2Q WKH RWKHU KDQG WKH ODVHU VSRW LQWHQVLW\
GHVFULELQJ WKHTXRWLHQWRI ODVHUEHDPSRZHUSHU LOOXPLQDWHGDUHDGLGQRWVKRZDVLJQLILFDQWFRUUHODWLRQ WR WHQVLOH
VWUHQJWK FI )LJ 2XW RI WKLV LW FDQ EH FRQFOXGHG WKDW DQ LQFUHDVH RI WKH ZHOGLQJ YHORFLW\ LV EHQHILFLDO IRU
JHQHUDWLQJKLJKVWUHQJWKZHOGV
7HQVLOHVWUHQJWKRIODSZHOGVZHUHLQFUHDVHGE\HQKDQFHGVHDPZLGWKVFI)LJHYHQPRUHE\FDUU\LQJRXW
VHYHUDOVPDOOVHDPVWKDQZHOGLQJRQHELJJHUVHDP:HOGLQJSDUDOOHOVHDPVWKHUHIRUHLVDQDSSURSULDWHWHFKQLTXHWR
LQFUHDVHWKHFRQQHFWLRQZLGWKLQDODSMRLQW+RZHYHUVHYHUDOSDUDOOHOVHDPVGLGQRWLQFUHDVHWKHFRQQHFWLRQZLGWK
SURSRUWLRQDOO\ FI 7DEOH 3UHYLRXV ZHOG VHDPV LQFUHDVHG WKH FRQQHFWLRQ DUHD EHWZHHQ WKH VKHHWV 7KXV DQ
LQFUHDVHGKHDWFRQGXFWLRQRYHUWKHSUHYLRXVZHOGHGVHDPVRFFXUUHGZKHQZHOGLQJVHYHUDOVHDPV$VDFRQVHTXHQFH
VHDPZLGWKRIIXUWKHUZHOGVHDPVZDVGHFUHDVHG
)XUWKHUPRUHWKHVWUHQJWKUHODWHGWRWKHVHDPZLGWKZDVLQFUHDVHGE\ZHOGLQJWKUHHZHOGVHDPVFRPSDUHG
WRVLQJOHVHDPZHOGLQJFI7DEOH ,QFUHDVLQJ WKHZHOGVHDPZLGWKE\GHIRFXVLQJ WKH ODVHUEHDPDQG WKHUHIRUH
JHQHUDWLQJDELJJHUODVHUVSRWVL]HGHFUHDVHGWKHVWUHQJWKUHODWHGWRWKHVHDPZLGWKE\:HOGLQJWKUHHSDUDOOHO
VHDPVGLGQRWDIIHFWPLFURVWUXFWXUDOVRIWHQLQJRIHDFKVHDP)LJVKRZVWKDWKDUGQHVVPLQLPDLQWKH+$=RIHDFK
VHDP LV VLPLODU WR WKHKDUGQHVVGLVWULEXWLRQVHHQ LQEHDGRQSODWHZHOGLQJV FI)LJ7KHUHIRUH ODSZHOGLQJRI
XOWUDKLJKVWUHQJWK0Q%VWHHOVKHHWVZLWKVHYHUDOVPDOOZHOGVHDPVLVEHQHILFLDOUHJDUGLQJWHQVLOHVWUHQJWK
7HQVLOH VWUHQJWKV RI EHDGRQSODWH ZHOGV DUH KLJKHU WKDQ WHQVLOH VWUHQJWK RI ODS ZHOGV 7ZR GLIIHUHQW IDLOXUH
ORFDWLRQVZHUH REVHUYHG LQ WKLV LQYHVWLJDWLRQ%HVLGHV WKH IDLOXUH LQ WKH ORZHU VKHHW DW WKHPHOW SRRO ERUGHU OLQH
IDLOXUH LQ WKHFRQQHFWLRQDUHDFDQEHREVHUYHG ,Q)LJDFUDFNFDQEHREVHUYHGGLUHFWO\ LQ WKHFRQQHFWLRQDUHD
DOWKRXJKWKLVVSHFLPHQIDLOHGGXHWRWKHPHOWSRROERUGHUOLQHFUDFN7KLVLQGLFDWHVWKDWWKHVHWZRGLIIHUHQWIDLOXUH
ORFDWLRQVFRPSHWHDJDLQVWHDFKRWKHU
+RZHYHUDJJORPHUDWLRQVZHUHIRXQGLQFURVVVHFWLRQVRIODSZHOGLQJVFI)LJDQGWKHDQDO\VLVLQ)LJ'XH
WRWKHFKHPLFDOFRPSRVLWLRQRIWKHEDVHPDWHULDOLQZKLFKQRDOXPLQXPLVFRQWDLQHGWKHVHDJJORPHUDWLRQVKDYHWR
EHIRUPHGE\WKHPL[WXUHRIFRDWLQJSDUWLFOHVWRWKHPHOWSRRO)RUODSZHOGHGVSHFLPHQV.LPHWDOFDQEH
FRQILUPHGWKDWZHOGVHDPVDUHZHDNHQHGE\WKHVHFRDWLQJDJJORPHUDWLRQVDWWKHPHOWLQJOLQH$QDJJORPHUDWLRQRI
FRDWLQJSDUWLFOHVFDQQRWEHGHWHFWHG LQFDVHRIEHDGRQSODWHZHOGV)XUWKHUPRUH WKH VWUHQJWK UHODWHG WR WKHZHOG
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VHDPZLGWKLVLQFUHDVHGIRUDQLQFUHDVLQJQXPEHURIZHOGVHDPVLQODSZHOGLQJFI7DEOH7KHDPRXQWRIFRDWLQJ
SDUWLFOHVSHU WRWDOVHDPZLGWK LVFRQVWDQWQRPDWWHUKRZPDQ\VHDPVZHUHZHOGHG+RZHYHU WKHPHOWLQJERUGHU
OLQHOHQJWKLVFRQVWDQWIRUHDFKZHOGVHDP7KXVZLWKVHYHUDOVPDOOHUZHOGVHDPVWKHVKDUHRIFRDWLQJSDUWLFOHVSHU
PHOWLQJERUGHUOLQHLVGHFUHDVLQJ7KLVOHDGVWRWKHFRQFOXVLRQWKDWWKHDPRXQWRIFRDWLQJSDUWLFOHVDWWKHPHOWSRRO
ERUGHUOLQHLVGHFLVLYHIRUKLJKVWUHQJWKZHOGVHDPV+HQFHLWFDQEHK\SRWKHVL]HGWKDWWKHZHDNHQLQJRIODSZHOG
VHDPVE\FRDWLQJSDUWLFOHVFDQEHQHJOHFWHGZKHQWKHVHSDUWLFOHVDUHGLVWULEXWHGKRPRJHQHRXVO\RYHUWKHZHOGVHDP
YROXPH+RZHYHUGLVWULEXWLQJFRDWLQJSDUWLFOHVSURSHUO\LVFKDOOHQJLQJDQGIXUWKHU LQYHVWLJDWLRQVZLOOFRQFHQWUDWH
RQWKLVWRSLF
&RQFOXVLRQ
,QWKHSUHVHQWHGLQYHVWLJDWLRQVWUHQJWKRIEHDGRQSODWHZHOGLQJVXSWR1PPðDQGVWUHQJWKRIODSZHOGVXS
WR1PPðFRXOGEHUHDOL]HG
,QEHDGRQSODWHZHOGLQJLWZDVGHWHUPLQHGEHQHILFLDOWRZHOGZLWKDKLJKZHOGLQJYHORFLW\LQRUGHUWROLPLWWKH
HQHUJ\LQSXWSHUXQLW OHQJWKDQGWKHUHIRUHWKHZLGWKRI WKH+$=:LWKVPDOOHU+$=VUHVXOWLQJWHQVLOHVWUHQJWKLV
KLJKHU
7KHUHIRUH ODS ZHOGLQJ ZHUH FDUULHG RXW XVLQJ VHYHUDO VPDOOHU ZHOG VHDPV LQVWHDG RI RQH ELJJHU ZHOG VHDP
:KHUHDVGHIRFXVHGZHOGLQJLQRUGHUWRJHQHUDWHZLGHUZHOGVHDPVUHGXFHVWKHVWUHQJWKUHODWHGWRWKHVHDPZLGWK
PXOWLSOHSDUDOOHOZHOGLQJFDQLQFUHDVHWKHVWUHQJWKUHODWHGWRWKHVHDPZLGWK7KHVHVKRZQUHVXOWVLQGLFDWHWKDWWKLV
FDQEHDWWULEXWHGWRWKHGLVWULEXWLRQRIFRDWLQJFRPSRQHQWVWRVHYHUDOPHOWSRROERUGHUOLQHV7KHUHIRUHWKHFRDWLQJ
DJJORPHUDWLRQ DW HDFK ZHOG VHDP LV UHGXFHG )XUWKHU LQYHVWLJDWLRQV ZLOO FRQFHQWUDWH RQ GLVWULEXWLQJ WKH FRDWLQJ
SDUWLFOHVKRPRJHQHRXVO\LQWKHPHOWSRRO
$FNQRZOHGJHPHQWV
7KHUHVXOWVVKRZQDUHSDUWRILQLWLDOUHVHDUFKFDUULHGRXWDWWKH%,$6)LQDQFLDOVXSSRUWRIWKH6HQDWRURI6FLHQFH
+HDOWKDQG&RQVXPHU3URWHFWLRQRIWKHVWDWHRI%UHPHQHQDEOHGWKLVUHVHDUFK7KHDXWKRUVJUHDWO\DFNQRZOHGJHWKLV
VXSSRUW
5HIHUHQFHV
(KOLQJ:&UHWWHXU/3LF$9LHUVWUDHWH5<LQ4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